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We present a detailed study of a recently reported discontinuity and bistability in a 12-nm GaAs/AlAs
single-barrier p-i-n heterostructure, where a system of spatially separated two-dimensional electron and hole
(e-h) layers of equal and tunable density is realized. Both features appear at T&300 mK and are strongly
enhanced in a magnetic field B*10 T perpendicular to the layers, whereas they are suppressed by B;1 T
parallel to the layers. They correspond to a discontinuity in the e-h density and in the phase of the current
magneto-oscillations. Whereas the high-current state has the expected properties of the uncoupled e-h layers,
the low-current state behaves anomalously under all circumstances, and we identify them with a gas of
spatially indirect excitons with binding energy 0.03 meV&Eb&0.3 meV and 0.5 meV&Eb&5 meV at B
50 and B510 T, respectively. We interpret the bistability as a transition between the two regimes, which
arises because of the competition between the in-plane screening, determined by the average e-e (h-h)
distance and the magnetic length, and the interlayer e-h attraction. @S0163-1829~00!08143-1#
DOI: 10.1103/PhysRevB.63.115307 PACS number~s!: 73.21.2b, 71.35.2y, 73.40.Gk
I. INTRODUCTION
In the search for Bose-Einstein condensation, spatially
separated two-dimensional ~2D! electron-hole (e-h) layers
of equal density have been intensively studied in the last few
years.1–20 In these systems, the e-h recombination time can
be made as long as 1 msec, therefore allowing thermalization
of the carriers to the lattice temperature, a situation that is
never reached in strictly 2D e-h systems because of the
higher recombination rate. With respect to real atoms,21 in-
direct excitons are particularly attractive because of their
light mass, which is expected to allow condensation at T
;1 K, rather than in the mK regime.5 In addition, the con-
densation is favored by a magnetic field perpendicular to the
layers.8,9,17 To date, the only evidence for exciton condensa-
tion in those systems, although in the presence of a random
potential, has been reported by Butov et al.5,6 In Ref. 5, a
detailed discussion of the physics involved is presented.
The interest in 2D e-h layers is not only restricted to this
controversial topic. Because of the difficulties in engineering
suitable structures, most of the work done so far has been
theoretical, resulting in an extremely complex scenario,
which is still experimentally largely unexplored. Depending
on the interlayer distance, density, applied magnetic field,
and temperature, the electronic configuration is expected to
range from the normal exciton gas to the excitonic
superfluid,7–12,17 the dipole density wave,13 or separate frac-
tional quantum Hall states.11,12
Recently, technology has allowed one to make semicon-
ductor heterostructures where closely spaced 2D e and h lay-
ers can be actually realized. To date, most of the experimen-
tal work has been done on the optical properties of undoped
double quantum wells ~DQW’s!,4–6,14–16 which provide a
natural tool for obtaining charge separation. As already real-
ized by Kuramoto and Horie,17 another attractive possibility
is to study the transport1,2,20 and optical3 properties of p-i-n
single-barrier heterostructures ~SBH’s!, in which 2D e-h lay-
ers of equal density accumulate under forward bias at oppo-
site sides of the barrier.
With respect to DQW’s, p-i-n SBH’s have several advan-
tages. First of all, for sufficiently thick barriers (;10 nm for
GaAs/AlAs structures!, recombination and tunneling times
are much longer than the carrier relaxation times, and the
carriers are able to reach the lattice temperature. In other
words, the system is expected to reach thermodynamic qua-
siequilibrium, in which the chemical potentials of the e and h
gases are separately aligned to the ones in the respective
doped regions. Additional advantages are the possibility of
tuning the density with the applied voltage and the presence
of only two interfaces, which allows high in-plane mobility.
We studied a 12-nm-thick single-barrier p-i-n GaAs/
AlAs/GaAs heterostructure ~Fig. 1!.1–3 In such a device, two
limits are known. At low densities (n;1010 cm22), Neves
et al.20 have observed resonant tunneling via indirect exciton
FIG. 1. Band diagram of the sample studied. The GaAs undoped
layers are 300 nm thick and are not plotted in scale.
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states, which manifests itself as peaks in the low-temperature
(T&10 K) I(V) curves. At high densities, on the other
hand, Teisser and co-workers22,23 reported the behavior of
uncoupled e-h layers. We studied the intermediate regime
n;1011 cm22, i.e., when the in-plane e-e (h-h) distance is
comparable to the interlayer (e-h) one. We observed bista-
bility and discontinuity in the tunnel current,1,2 which we
believe to arise from a phase transition between the two re-
gimes. A synthesis of our results was reported in Refs. 1,2,
and we present here a more detailed study discussing all the
experimental data measured.
The paper is organized as follows: we describe the sample
in Sec. II, and we show in Sec. III experimental results of
the temperature dependence ~Sec. III A!, the magneto-
oscillations at constant bias ~Sec. III B!, the magnetic field
dependence ~Sec. III C!, and the in-plane magnetic field
~Sec. III D!. In Sec. IV we discuss the experimental results
and, while discussing other possibilities, we show that a suit-
able model to explain the data is based on the transition from
a gas of indirect excitons and the uncoupled e-h layers. Fi-
nally, we present our conclusions in Sec. V.
II. SAMPLE
The layer composition of the device we studied is 2 mm
p-doped GaAs (431018 m22), 100 nm of weaker doping
(131017 m22), 100 nm undoped GaAs, 11.9 nm AlAs bar-
rier, 100 nm undoped GaAs, 100 nm n-doped GaAs (2
31016 m22), and 500 nm n-doped GaAs (431018 m22).
The sample was grown by molecular beam epitaxy in the
@311# crystallographic direction in order to ensure high in-
plane hole mobility. We measured similar samples grown on
the @100# direction, but they did not show the discontinuities
discussed in this paper, although some smeared feature ap-
peared at high magnetic field also in this case. The sample
was processed in circular mesas with optical access. The
results discussed in this paper were measured in a 50-mm
mesa, but the main features were reproduced on the other
ones.
A schematic band diagram of the device under forward
bias is shown in Fig. 1. We stress that, in this structure, the
applied voltage is proportional to the chemical potential
me-h5eV of the e-h system, which is defined as the energy
required to add an e-h pair. We estimated the e-h distance
de-h;25 nm from the distance between the maxima of the
wave functions, which we obtained by self-consistent calcu-
lations in the Fang-Howard approach.
In the regime of our interest, only the lowest heavy-hole
and electron subbands are populated.24 We measured the tun-
nel current in the growth direction, which is determined by
electrons ~holes have a much smaller tunneling probability
because of their bigger effective mass!. The optical transition
between the spatially separated e-h layers ~a potentially very
useful spectroscopic tool! is totally negligible.
III. EXPERIMENT
The I(V) characteristics of the device, at B50 (B is the
external magnetic field! and T54.2 K, are shown in
Fig. 2~a!. Flat band occurs at ;1.52 V, as expected for
GaAs. At slightly higher biases (;1.55 to ;1.6 V), Neves
et al.20 observed peaks in the tunnel current, which they at-
tributed to resonant tunneling from indirect excitons across
the barrier to direct excitons in the collector. The regime of
high bias has been studied by Finley et al.22 in relation to
G-X tunneling; we observed a very similar behavior of our
structure for biases higher than ;1.7 V. In the intermediate
regime, delimited by a square in Fig. 2~a!, we observed a
feature1,2 that has never been observed on n-i-n devices of
similar layer sequence ~see, for instance, Refs. 25–27!. We
believe therefore that such a feature, which corresponds to
de-e;de-h’25 nm,28 originates from the presence of the ad-
ditional hole layer.
When the temperature is further decreased to T
570 mK and B50, the feature becomes discontinuous and
bistable, as shown in Fig. 2~b!.1,2 We denote the states cor-
responding to the upper and lower branch of the bistability
the ‘‘high-current state’’ ~HCS! and ‘‘low-current state’’
~LCS!, respectively.
A. Temperature dependence and stability
In order to gain further insight into the energy scale of the
bistability, we investigated the temperature dependence of
the I(V) curves. The results are plotted in Fig. 3 and show
that if the temperature increases, the bistability reduces in
size and shifts to lower biases and higher currents ~the curve
corresponding to T;50 K is offset for comparison!.
FIG. 2. ~a! I(V) characteristics at T54.2 K and B50. The
regime of high current was studied by Teisser et al. ~Ref. 23!,
whereas the regime of low current, close to flatband conditions, was
studied by Neves et al. in Ref. 20. We focused on the intermediate
regime delimitated by a square ~Refs. 1 and 2!. ~b! Bistability of the
tunnel current at B50 and T570 mK. The measured points are
shown as solid and open circles for sweep up and down, respec-
tively. The electronic states are named the ‘‘high-current state’’
~HCS! in the upper branch and the ‘‘low-current state’’ ~LCS! in
the lower one.
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Both the bistability and the discontinuity disappear at
temperatures higher than T*;300 mK (;30 meV), but a
smeared feature in the I(V) survives up to T54.2 K
(;0.5 meV). At temperatures around 50 K, the single ex-
ponential behavior typical of a p-i-n diode is recovered.
In the inset of Fig. 3, we show the current difference DI
~in logarithmic scale!, measured at the center of the transi-
tion, between the HCS and LCS. The voltage position and
bistability width have a similar behavior, which saturates at
low temperatures T;800 mK.
The saturation might be either intrinsic to the physical
process involved or due to the saturation of the electronic
temperature to ;800 mK. We do not have the possibility of
discriminating between the two effects, and throughout the
whole paper, we therefore only report the bath temperature.
In the presence of a magnetic field B510 T perpendicu-
lar to the layers, the bistability width, the current discontinu-
ity, and the temperature T* increase by an order of magni-
tude, as shown in Fig. 4. Also in this case, upon an increase
of temperature, the bistability reduces in size and shifts to
lower biases and higher currents. The temperature behavior
of the voltage position ~inset of Fig. 4!, current discontinuity,
and bistability width is similar to the one at B50, but we
observe bistability up to T54.2 K, which points to an en-
ergy scale of the order of 1 meV, one order of magnitude
bigger than at B50.
At B510.5 T, we have also studied the stability of the
LCS and HCS. Both the states are stable at constant bias, for
at least 15 min; transitions from either of the states to the
other could be triggered by electrical noise. In contrast, if we
apply a fixed current in the region of negative differential
conductance ~1–5 nA!, we observe that V is unstable be-
tween the two values ~1.646 V and 1.653 V! at which the
discontinuity occurs ~Fig. 5!.
B. Magneto-oscillations of the tunnel current
We have further characterized the LCS and HCS by mea-
suring the tunnel current as a magnetic field perpendicular to
FIG. 3. I(V) curves at B50 and T570 mK, 4.2 K, and
;50 K. At T570 mK, the sweep up and down are indicated by
solid and open circles, respectively. In the inset, we show the
Arrhenius plot of the current difference DI between the HCS and
LCS at the center of the transition.
FIG. 4. I(V) curves at T570 mK and 4.2 K, in a magnetic field
B510 T perpendicular to the layers. The sweep up and down are
indicated by solid and open circles, respectively. In the inset, we
show the Arrhenius plot of the discontinuity positions.
FIG. 5. Comparison between the I(V) curves ~solid circles! and
the Voltage measurements at fixed current ~open circles!. The tem-
perature is 4.2 K and the magnetic field is B510 T ~perpendicular
to the layers!.
FIG. 6. Magneto-oscillation ~MO! traces for V51.66 V ~HCS!,
V51.642 V ~LCS!, and V51.645 V ~both LCS and HCS!.
Maxima positions at 1,n,2 are marked by open circles.
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the layers swept at fixed applied voltage ~i.e., at fixed chemi-
cal potential me-h5eV).25 In Fig. 6, three typical traces mea-
sured at T51.2 K are shown: one in the LCS ~1.642 V!,
another in the HCS ~1.66 V!, and an intermediate one at the
transition ~1.645 V!. These sweeps show general properties
and do not strictly refer to Fig. 2, since the details of the
bistability ~position, width, and current discontinuity! depend
on temperature and magnetic field, as discussed above.
The magneto-oscillations ~MO’s! of the tunnel current
arise from the effect of the magnetic field B on the density of
states ~DOS! of the two-dimensional electron gas ~2DEG!,
which becomes quantized in Landau levels ~LL’s! with de-
generacy eB/h , separated by the cyclotron energy \vc
5\eB/m (m is the effective mass!. The physical properties
of the system are determined by the filling factor n
5nh/eB (n is the density!, which is the number of occupied
LL’s. The Fermi energy EF of the 2DEG is pinned to both
the lowest occupied LL and to the chemical potential ~fixed
by the applied voltage! in the doped regions. This condition
induces a self-consistent rearrangement of the band profile
when B is swept,25 which modulates the tunneling current
with periodicity EF /\vc}1/B . The minima occur approxi-
mately at integer filling factor ~we resolve spin splitting!, at
fields given by
Bn5
nh
en
5
B1
n
. ~1!
From analysis of Eq. ~1!, we found that the HCS and LCS
have very different behavior. The values of the densities de-
duced from Eq. ~1! are shown in Fig. 7~a!, and the behavior
is clearly nonlinear at the transition. The HCS oscillations
can be described by Eq. ~1!, with a linear dependence of n on
V, as expected from a normal 2DEG ~Ref. 23! @dotted line in
Fig. 7~a!#. In contrast, the LCS shows a systematic deviation,
and a linear 1/B dependence can only be obtained when n is
replaced by n2a @0.2&a&0.25; see the inset of Fig. 7~b!
for V51.642 V#, corresponding to a phase shift of
60° –90° (a*360°) @Fig. 7~b!#.
Furthermore, in the bistable region, the LCS and the HCS
show different densities at the same applied voltage ~i.e., at
the same chemical potential!, as can be seen by sweeping B
around the n51 minimum in both directions. In Fig. 3 of
Ref. 1, we plot both curves together for V51.646 V. We
observe that the minimum in the MO is realized at a lower
field ~thus lower density! for the LCS (10.560.1 T) than for
the HCS (11.560.5 T), and that the difference between the
densities is about 10%. The HCS density deduced from Fig.
3 of Ref. 1 is plotted in Fig. 7~a! with a square.
When the temperature is further decreased to 70 mK,
small dips appear in the HCS MO at n52/3, as shown in
Fig. 8. These minima are not visible in the LCS ~Fig. 8! and
disappear at T51.2 K ~Fig. 6!; moreover, they allow an
accurate determination of the HCS density at the transition.
The values of the density obtained in this way naturally ex-
tend the ones deduced from the analysis of the full 1/B pe-
riodicity at T51.2 K,1 as shown in Fig. 7~a!. Our data show
that in the region of bistability (;1.650 V) the system can
be in one of two stable ~or metastable! configurations of
different density, in quantitative agreement with the bistabil-
ity of the MO upon a sweep of magnetic field ~Fig. 3 of Ref.
1!.
From the values of the density as a function of applied
voltage, we can estimate the capacitance per unit area,
edn/dV ~where e is the electron charge!. As shown in Fig. 2,
the capacitance is 4.5 and 3.5 F m22 in the HCS and LCS,
respectively, corresponding to a capacitor with interlayer dis-
tance of ;25 nm and ;30 nm, respectively.
We would like to stress that all the differences in the MO
clearly show that the LCS and HCS have a qualitatively
FIG. 7. ~a! Density of the e-h layers as a function of the applied
voltage. The solid circles are extracted from the 1/B periodicity at
T51.2 K ~see Fig. 6!, whereas the open triangles are obtained
from the n52/3 minima at T570 mK. The square is obtained
from the n51 minimum shown in Fig. 3 of Ref. 1. In the critical
region, the system can be in one of two states with different density
~see also Fig. 3 of Ref. 1!. ~b! Phase shift of the MO at fixed bias.
The inset shows a plot of 1/B vs n for V51.642 V.
FIG. 8. Magneto-oscillations of the tunnel current at T
570 mK and fixed bias V51.64 V ~LCS! and 1.65 V (LCS
1HCS). The feature at n52/3 is observed only in the HCS and at
T570 mK.
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different DOS. Already at a first sight in Fig. 6, it is clear
that the oscillations of the LCS and HCS are quite distinct in
nature. For example, the positions of the maxima differ con-
siderably in the two states, as can be clearly seen for the
maxima at 1,n,2 ~marked by circles in Fig. 6!. Since the
maxima in the current occur when the Fermi energy ~fixed
by the contacts! lies in the middle of a LL ~swept by the
magnetic field!, the observed discontinuity of the maximum
positions directly witnesses a qualitative change of the DOS
of the LCS and HCS, which is also confirmed by the change
of the phase observed from the minimum positions @Fig.
7~b!#. Other qualitative differences include the suppression
of the n51 minimum and the suppression of the current at
high magnetic fields only for the LCS ~Fig. 6!.
C. Filling-factor dependence of the bistability
We report below how the hysteresis in the I(V) curves at
B50 ~Fig. 1! evolves in the presence of a constant magnetic
field perpendicular to the layers. At low magnetic fields (0
&B&2 T), the transition from the LCS to the HCS occurs
in several steps with complex magnetic field dependence
~Fig. 9!, and can be resolved only for T&300 mK. This
behavior is qualitatively similar to the one in the absence of
magnetic field shown in Fig. 2~b!. The steps could be accu-
rately reproduced, but their detailed size and position de-
pended on the particular mesa measured.
At higher magnetic field, the steps coalesce into a bigger
feature and the behavior simplifies considerably. At B
*6 T, both the amplitude and width of the hysteresis in-
crease of one order of magnitude, and they show 1/B peri-
odicity. In particular, a marked suppression occurs around
the integer filling factors of the HCS, as can be clearly seen
in Fig. 10. In the figure, the curve at B511.5 T ~which
corresponds to n’1) is offset for comparison.
We show in Fig. 11 all the I(V) curves measured at T
51.2 K, at 4.5 T&B&17 T, with a step of 0.5 T. Sweeps
up and down are plotted with solid and dashed lines, respec-
tively. The curves are offset for comparison and clearly os-
cillate with 1/B periodicity, which is very close to the one of
the HCS close to the transition ~1.65 V!.
At the integer filling factor, the bistability width and the
current discontinuity have minimal size, whereas the voltage
position has a maximum. The detailed analysis of all these
properties is shown in Fig. 12. In Fig. 12~a!, we show the
voltage position of the current discontinuity as a function of
FIG. 9. I(V) curves at T570 mK as a function of magnetic
field. The curves are taken at steps of 0.5 T and are offset for
comparison. Sweep up and down are shown with solid and open
squares, respectively.
FIG. 10. Bistability of the tunnel current at B510 T and T
570 mK. The solid and open circles refer to sweep up and down,
respectively. The smaller circles ~offset for comparison! refer to B
511.5 T (n’1).
FIG. 11. I(V) curves at T51.2 K as a function of magnetic
field. The curves are taken at steps of 0.5 T and are offset for
comparison. Sweep up and down are shown with solid and dotted
lines, respectively.
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magnetic field. The solid and open circles refer to sweeps up
and down, respectively. In Fig. 12~b!, we show the current
jump ~solid squares! and the bistability width ~open tri-
angles!. All these properties are clearly related to each other,
as already seen from the temperature dependence ~see Sec.
III A!.
D. In-plane magnetic field
Finally, in order to further investigate the tunneling prop-
erties of the HCS and LCS, we have measured the influence
of an in-plane magnetic field B i on the I(V) curves, at T
51.2 K. The measurements are shown in Fig. 13, where we
show three representative I(V) curves taken at B50, 1, and
3 T ~solid circle, open circle, and open squares, respectively!.
The HCS current decreases when B i increases, whereas
the LCS current increases for 0.25&B i&1 T, and decreases
B i*1 T. In the inset of Fig. 13, we show the magnetic field
behavior of the integrated current in the region 1.65–1.66 V
~HCS! and 1.64–1.65 V ~LCS!. The suppression of current
in the HCS is typical of a 2DEG,29 whereas the current in-
crease of the LCS is anomalous. As a result of this difference
between the LCS and HCS, the feature in the I(V) curves at
B50 is clearly smeared by in-plane fields B*0.25 T, as
shown in Fig. 13.
IV. DISCUSSION
A. Indirect-exciton picture
All the measurements reported above strongly suggest
that the observed discontinuity and bistability both arise
from a transition between the LCS and HCS, which is
strongly dependent on the screening properties of the 2D
layers. As discussed in the Introduction, at low densities
(de-e@de-h), the system is a diluted gas of spatially indirect
excitons,20 whereas at high densities (de-e&de-h) the e and h
layers uncouple into separate 2DEG and 2DHG ~two-
dimensional hole gas!.23
We identify the HCS with the uncoupled e and h gases,
since it behaves regularly in the presence of perpendicular23
and in-plane29 magnetic fields. In contrast, the LCS behaves
peculiarly and has a different DOS, as discussed in Sec.
III B. As we discuss below, we believe that the LCS can be
described as indirect excitons.
1. Current magneto-oscillations
Our assignment for the LCS is supported by the behavior
of the MO shown in Sec. III B, in particular by the absence
of fractional features and by the phase shift of the MO. In-
deed, the indirect excitons ~IE’s! are not expected to form the
incompressible Laughlin fluids, since they are bound by the
attractive e-h attraction. In contrast, the uncoupled e-h lay-
ers minimize e-e (h-h) interactions by forming composite
fermions at the fractional filling factor,30 as we observe in
the HCS.
The phase shift in the MO confirms this picture and di-
rectly witnesses a change in the DOS, which also results in
the general behavior of the MO ~Figs. 6 and 7!. A compre-
hensive study of a gas of indirect excitons in high magnetic
fields has been recently reported by Lozovik and Ruvinsky.31
The main consequences of the e-h Coulomb interaction on
free-particle LL’s are a shift to lower energies ~exciton bind-
ing! and the appearance of in-plane dispersion originating
from the coupling between center of mass and relative mo-
tion. This property accounts very well for the fact that we
observe a qualitative difference in the DOS of the LCS and
HCS ~Fig. 6!.
FIG. 12. ~a! Voltage position of the current discontinuity. The
solid and open circles refer to sweep up and down, respectively. ~b!
Size of the current discontinuity ~squares, left axis! and of the bi-
stability width ~open triangles, left axis!. FIG. 13. I(V) curves at T51.2 K as a function of magnetic
field parallel to the layers. Solid circles, open circles, and open
squares refer to B50, 1 T, and 3 T, respectively. In the inset, the
integrated current in the regions 1.65–1.66 V ~HCS! and 1.64–1.65
V ~LCS! is shown.
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In addition, a similar phase change has been observed by
Volkov et al.32 in the magneto-oscillations of the lumines-
cence intensity of direct excitons, and it was explained by the
presence of exciton states below the free-particle LL’s. The
phase shift disappeared at high excitation, as the excitons
were destroyed by screening. Although providing a consis-
tent picture, the explanation given in Ref. 32 is based on
energy levels rather than on level degeneracy.33 Our experi-
mental results are consistent with Ref. 32 and are based on
the assumption that the electrons, although forming excitons,
obey a Fermi statistics. This surprising behavior, which is a
direct consequence of the interpretation of the current
magneto-oscillations in terms of the carrier density, is also in
agreement with optical studies of the IE linewidth at low
density.15
2. e-h distance
The data of the current ~Fig. 2! and the capacitance ~Fig.
7! are consistent with an IE e-h distance of abound 30 nm,
which is more than 10% higher that in the HCS. We per-
formed self-consistent calculations in the limit of low densi-
ties, but we could not describe such behavior. The reason for
this discrepancy may be that the IE’s are actually strongly
interacting, or may lay in some subtleties in the self-
consistent rearrangement of the band profile. It might also
happen that, in the LCS, thermodynamic quasiequilibrium is
not reached, and part of the potential is dropping in the dop-
ing regions.
3. Current discontinuity
Within the same simple model, we can explain the low
current of the LCS at B50. The total current flowing
through the device is proportional to both the density and
tunneling probability of the electrons. Both these factors are
smaller in the LCS than in the HCS.
The smaller density (;10%) was deduced experimen-
tally and we discussed extensively in Sec. III B ~Figs. 7 and
3 of Ref. 1!. The electron tunneling probability is propor-
tional to the in-plane overlap between the wave functions of
initial ~electron in an unbound or exciton state! and final
states ~plane-wave electrons in the collector!.34,35 In our case,
the wave functions of the initial and final states are not
known, but since we find that the e-h distance is larger in the
LCS than in the HCS ~see the previous section!, we expect
the LCS tunneling probability to be smaller than that of the
HCS.
We observed that the LCS current increases in the pres-
ence of moderate parallel magnetic fields B i . Although such
an increase does not violate the preceding interpretation, we
are not able to quantify the effect of B i ~which might sub-
stantially alter the electronic configuration36! on the tunnel-
ing of indirect excitons. It is, anyway, notable that this be-
havior is remarkably in contrast with the tunneling of free
carriers, such as in the HCS. In the latter case, the tunnel
current always decreases as a consequence of the squeezing
of the electron wave function in the growth direction and
because of the mismatch in k space between the initial and
final states.29
4. Exciton binding energy
In our interpretation, the LCS is characterized by a bind-
ing energy Eb , which we estimate from the temperature T*
that suppresses both the bistability and the discontinuity. For
B50 and B510 T, T* was shown to be ;300 mK and
;10 K, respectively, and roughly proportional to the bista-
bility width ~which saturates for T&300 mK). We can
therefore estimate the ratio Eb(10 T)/Eb(0 T);20.
It is very difficult to estimate the absolute value of Eb
since the proportionality factors are not known a priori. It is
remarkable that the temperature dependence, in particular
T*, suggests that the bistability width is directly related, via
a leverage factor, to the binding energy. With a leverage
factor of 1, we obtain an estimation of an upper limit: Eb
;0.3 meV at B50 and EB;5 meV at B;10 T; if we
assume that Eb;KT* (K is the Boltzmann constant!, we
find a lower limit: Eb;0.03 meV at B50 and EB
;0.5 meV at B;10 T. Both these values, however, should
be considered only as approximate, though they are in rea-
sonable agreement with the existing literature. The value de-
duced at B50 agrees, for example, with Ref. 37 ~screening
additionally decreases the IE binding energy!, whereas the
increase of Eb with magnetic field qualitatively agrees with
the expression38 Eb(B);1/Ad21lB2 , where lB
525.66 nm/AB is the magnetic length.
We stress that the analysis reported in this section regards
only the general increase in size of the bistability in a mag-
netic field. We believe that the filling-factor dependence of
the hysteresis has a different explanation, which will be de-
scribed in the following section.
5. Description of the hysteresis
When the bias is increased in the LCS, the e-e (h-h)
separation decreases until de-e;de-h’25 nm; at this point,
the wave function overlap activates screening, and the indi-
rect excitons dissociate. This transition is abrupt and occurs
with a self-consistent rearrangement of the band profile,
which induces an higher density; since we are not able to
calculate the wave functions of the IE’s, however, we cannot
give any estimation of the density discontinuity.
In contrast, when the bias is decreased in the HCS, de-e
increases until the exciton gas forms. The latter transition
occurs at a lower bias than the former one because screening
suppresses the formation of indirect excitons. In other words,
the system has a memory that arises from the interplay be-
tween screening and exciton binding, which gives rise to the
hysteresis.
Indeed, we have shown in Fig. 11 that both the bistability
and the discontinuity are strongly suppressed at the integer
filling factor, when the screening is minimal30 and the carri-
ers are localized efficiently by the magnetic field also in the
HCS. At integer filling factors, the HCS current therefore
decreases, and the transition to the LCS becomes smoother
and occurs at higher biases. The magnetic field affects much
less the screening properties of the LCS, since those states
are already localized by the e-h attraction.
The presence of two or more steps in the current at low
magnetic fields could arise from the interaction among exci-
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tons: the transition would occur via intermediate states that
cannot be described by our simple model. Another possibil-
ity is that the different features arise from different areas of
the sample, because of inhomogeneities of the device.
6. Thermodynamical phase transition
Our measurements of the density discontinuity ~Fig. 7!
suggest that the transition is thermodynamical. In particular,
since in our structure the chemical potential me-h(n) is equal
to eV , where V is the applied voltage ~Fig. 1!, our data show
that at the bistability, the HCS and LCS have different den-
sities at the same chemical potential. Such a nonlinearity in
me-h(n) would be accompanied in our structure by a self-
consistent rearrangement of the band profile. In other words,
the hysteresis could be described as a first-order phase
transition.2
In addition, we notice that the magnetic field behavior of
the width of the bistability ~Fig. 12! bears a strong resem-
blance to the behavior of the critical temperature for the ex-
citonic state predicted in Refs. 9 and 17, with a critical tem-
perature that is minimal at the integer filling factor. An
interpretation of our data in terms of collective properties of
the indirect excitons, however, is beyond the purposes of this
paper.
B. Possibility of charge localization
The energy scales of the hysteresis, which can be esti-
mated from the temperature dependence, are also typical of
shallow binding; in this respect, localization of holes39 due to
interface roughness could occur in our device. We cannot
exclude the possibility that some of the excitons are localized
by interface defects, but this would not modify essentially
the description. However, we believe that localization alone
~whether of excitons or free carriers! can only explain with
difficulty the particular conditions at which the feature is
observed (de-e;de-h), the mechanism of bistability, the fill-
ing factor dependence of the hysteresis, and the difference of
the HCS and LCS DOS ~Fig. 6!.
In addition, as discussed in Sec. II, the results shown here
could be only obtained in samples designed in order to opti-
mize the hole in-plane mobility ~which we could not directly
measure!. Such a sample might have surface corrugation
along the @2¯33# direction,40 which could affect the hole
transport properties. It is unlikely, however, that such corru-
gation could affect the localization properties of the holes,
since its typical scale of 3 nm is much smaller than the other
lengths involved in our experiment.
C. Discussion of known mechanisms for bistability
As we discuss below, our experimental observations can-
not be explained by previously reported mechanisms of bi-
stability on similar structures.
Impurity-related trapping-detrapping processes are known
to lead to bistability in bulk GaAs;41 in our case, however,
the observed dependence on the filling factor and the sup-
pression by a modest in-plane magnetic field unambiguously
show a 2D origin.
Nor can the bistability be ascribed to trapping-detrapping
mechanisms involving 2D states, as could arise from reso-
nant tunneling via X-valley quantum well states42 or impurity
states in the AlAs layer. We do observe the former as much
weaker and broader features in the I(V) at higher bias (V
’1.7 V in Fig. 2, in agreement with Ref. 22!. Impurity
states in the barrier have been studied in 12 nm GaAs/AlAs/
GaAs n-i-n single-barrier structures with intentional Si dop-
ing in the AlAs layer;27,43,44 the I(V) curves of these samples
show broad tunneling features that evolve into peaks in the
presence of a perpendicular magnetic field and shift to lower
voltages for B*10 T, whereas the feature that we observe is
bistable, discontinuous, and does not shift globally in voltage
for magnetic fields up to 17 T.
Our experimental data are qualitatively very similar to the
single-barrier heterostructure hot-electron diode,45 in which
an S-shaped nonlinearity arises because of the competition
between two transport regimes: tunneling through the barrier
in the low-conductivity state and thermionic emission in the
high-conductivity states. Despite the difference with our de-
vice, in which thermionic emission is totally negligible, we
believe that the general mechanism for the bistability is very
similar and arises from the competition between the LCS and
HCS.
V. SUMMARY
In conclusion, we have reported on a discontinuous and
bistable feature in the tunnel current of strongly interacting
2D e and h layers. Both the discontinuity and the distability
width are enhanced by magnetic fields B;10 T perpendicu-
lar to the layers and suppressed by in-plane magnetic fields
B;1 T. They correspond to a discontinuity in the e-h den-
sity and in the phase of the current magneto-oscillations.
Whereas the HCS has the expected properties of the un-
coupled e-h layers, the LCS behaves anomalously under all
circumstances.
We identify the HCS with the uncoupled e-h layers and
the LCS with a gas of spatially indirect excitons with binding
energy 0.03 meV&Eb&0.3 meV and 0.5 meV&Eb
&5 meV at B50 and B510 T, respectively.
We interpret the bistability as a transition between the two
regimes, which arises because of the competition between
in-plane screening and interlayer e-h attraction. The hysteri-
sis is considerably affected by the screening properties of the
2D layers in a magnetic field and therefore strongly depends
on the HCS filling factor.
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